.
Investigators originally identified leukocyte cell-derived chemotaxin 2 (LECT2) as a chemotactic factor for neutrophils, and it stimulates the growth of chondrocytes and osteoblasts 8, 9 . Subsequent isolation of LECT2-coding cDNA suggested that it is predominantly expressed in the liver 10 . LECT2 is a 16-kDa secreted protein containing 133 amino acids and 3 intramolecular disulfide bonds 11 . The human LECT2 gene is mapped to chromosome 5q31.1-q32, a cluster harboring several genes encoding for immunomodulatory cytokines such as interleukin (IL)− 3, − 4 and − 5 and granulocyte macrophage-colony stimulating factor 12 . Consistent with the originally described immunomodulatory effects of LECT2, the authors reported that livers in LECT2-knockout mice had increased numbers of invariant natural killer T cells together with excessive IL-4 and Fas ligand expression, suggesting an anti-inflammatory action of LECT2 12 . Moreover, dysregulation of LECT2 can be found in hepatic tissue under a variety of pathological conditions, including acute liver failure, liver regeneration after partial hepatectomy, and concanavalin A-induced liver injury [13] [14] [15] . Recently, researchers found that LECT2 participates in the HCC developmental process 16, 17 . Specifically, LECT2 expression was highly correlated with improved prognosis for and prolonged survival of HCC 16 . We previously identified the hepatocyte growth factor (HGF) receptor MET as an important target of LECT2 in HCC cells using liquid chromatography tandem-mass spectrometry and a receptor tyrosine kinase (RTK) array. LECT2 bound directly to the α chain of the MET extracellular domain and inhibited MET signaling by recruiting PTP1B to c-terminal of MET 17 . By using a NSG (NOD scid gamma; NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) immunocompromised mouse model, in which almost all of the immune cells are lost, we excluded the potential immunomodulatory effects of LECT2 on tumor inhibition.
Collectively, clinical and mechanistic findings from our own and other studies suggest that LECT2 is an important regulator of tumor growth during HCC development and progression. A secretary protein like LECT2 may also affect stromal cells in tumors. In this study, we found that LECT2 suppressed tumor growth in vivo without affecting cancer cell proliferation in vitro. On the basis of these findings, we hypothesized that LECT2 not only suppresses vascular invasion and metastasis of HCC cells but also inhibits tumor growth by targeting stromal cells. We first demonstrated that LECT2 suppressed HCC growth by inhibiting tumor angiogenesis in vivo. We then elucidated the antiangiogenic effect and underlying mechanisms of tumor-stroma interaction by LECT2. Finally, we evaluated the correlation of LECT2 expression with tumor angiogenesis in HCC patients.
Materials and Methods
Cell culture. Human umbilical vein endothelial cells (HUVECs) were isolated from fresh human umbilical cords as described previously 18 and cultured in EGM-2 medium (Lonza). HUVECs from two or more donors were pooled together to prevent genetic variations caused by sampling of the cells. HUVECs were synchronized in the G 0 -G 1 phase by serum starvation for 12 h in M199 medium (Gibco) containing 1% fetal bovine serum (Gibco) and 0.1% bovine serum albumin (Sigma) before stimulation with the indicated angiogenic factors. Moreover, hepatoma cell lines SK-Hep1, PLC/PRF5 and BNL 1ME A.7R.1 [BNL] were obtained from ATCC, and Huh 7 cell line was obtained from JCRB. HCC36 was established from HCC tissues from a Taiwanese patient 19 . All cells were routinely authenticated on the basis of morphologic and growth characteristics as well as by STR analysis and confirmed to be free of mycoplasma. Cells were grown in Dulbecco's modified Eagle's medium (Gibco) with 10% fetal bovine serum (Gibco) at 37 °C in a humidified atmosphere of 5% CO 2 /95% air. Cells were cultured according to the supplier's recommendations.
Tube formation assay. HUVECs were seeded on Matrigel, differentiated and formed capillary-like tube structures. Tube formation on Matrigel requires cell-matrix interaction and cellular communication and motility 20 . To examine the effect of recombinant LECT2 (rLECT2) protein expression on angiogenesis in vitro, HUVECs were seeded in 24-well culture plates (4.5 × 10 4 cells/well) precoated with Matrigel and exposed to different concentrations of rLECT2 protein (0, 1.25, 2.50, or 5.00 nM) or recombinant Fc (rFc) protein (R & D) as a control for 6 h. Tube formation was visualized under an inverted microscope. An enclosed network of tube structures in six randomly chosen fields was scored under the microscope. In some tube formation experiments, HUVECs were exposed to angiogenic factors or conditioned media of cancer cell lines for 6 h in the presence or absence of 5 nM rLECT2 protein.
Wound healing assay. HUVECs were cultured on 24-well plates (7 × 10 4 cells/well) in EGM-2 medium. After 24 h, the cells were supplemented in starvation medium and scratched with a blue pipette tip to obtain a monolayer culture with a space without cells. Media and dislodged cells were aspirated from the plates, and fresh medium was added to the plates along with VEGF 165 or rLECT2 protein at various concentrations at 37 °C for 14 h. The migrated cells were photographed at 0 and 14 h using an inverted phase-contrast microscope, and the migrating cells were measured in five randomly chosen fields. The cell migration from the edge of the injured monolayer was quantified by measuring the distance from the wound edges.
Histology and immunohistochemistry. Tumor samples obtained from HCC patients or mice were harvested and fixed in formalin for paraffin sectioning. Tumor sections used for immunostaining were obtained from formalin-fixed, paraffin-embedded primary tumors removed from HCC patients or frozen primary tumors generated in mice via subcutaneous injection of HCC cell lines. The samples were stained with the primary antibodies CD34 (Dako) or CD31 (Dako) overnight at 4 °C. Bound antibodies were detected in the samples using an ABC kit (Vector Laboratories). Slides containing tumor sections were stained with diaminobenzidine, washed, counterstained with Delafield's hematoxylin, dehydrated, treated with xylene, and mounted. To quantify the angiogenesis in the samples, MVD was determined by staining tissue sections immunohistochemically for the pan-endothelial cell antigen. Three highly vascularized areas per tumor were then evaluated at high magnification (200× ). The total number of microvessels was determined for each area, and the average number was documented for each tumor.
Xenograft mouse model. Female 5 cells) were injected subcutaneously into BALB/C mice (4-5 weeks). The tumor sizes were determined by Vernier caliper measurements and calculated as length × width × 1/2 width. Twenty-four days after the injection, the subcutaneous tumors were excised, weighed, photographed, and a portion of each was placed in 10% formalin for paraffin embedding in preparation for subsequent immunohistochemical analysis.
Statistical analysis. Each experiment in this study was performed in triplicate, and all experiments were repeated at least three times on different occasions. The data are presented as the mean ± SD. The Student t-test was used to compare data among groups. All statistical tests included two-way analysis of variance. Statistical significance was assumed at P values less than 0.05.
Study approval. The experimental protocols for animal care and use were done in accordance with a protocol approved by the National Taiwan University College of Medicine and National Taiwan University College of Public Health institutional animal care and use committees. All animal experiments were performed according to the guidelines and approval of the institutional animal care committee. The human study protocols were also reviewed and approved by the National Taiwan University College of Medicine and National Taiwan University Hospital. All of the tissue and samples were collected at the National Taiwan University Hospital following approval by the Institutional Review Boards and written informed consent. The projects are conducted in accordance with the IRB's requirements.
Results

LECT2 suppresses tumor growth and inhibits tumor angiogenesis. To determine whether LECT2
affects tumor growth, we used an immunodeficient NSG mouse model of HCC subcutaneously injected with LECT2-overexpressing SK-Hep1 (SK-Hep1/LECT2) cells (Fig. 1a) . We first detected palpable tumors in some of the mice by 10 days after cell injection. After 32 days, the mean tumor volumes in mice injected with control SK-Hep1 cells were markedly larger than those in mice injected with SK-Hep1/LECT2 cells (Fig. 1a, bottom ). In addition, the incidence of control SK-Hep1 tumors was higher than that of SK-Hep1/LECT2 tumors (data not shown). However, the in vitro proliferation properties of the transfectants were not affected by LECT2 expression (Fig. 1b) . We stained sections of tumors obtained from the mice with CD31 (PECAM-1; Fig. 1c ) and found that the microvessel density (MVD) was markedly lower in the xenograft tumors from the SK-Hep1/LECT2 group than in those from the control group. We performed the same experiment using a BALB/C syngeneic mouse model with chemically transformed BNL murine liver cancer cells and observed results similar to those for SK-Hep1 xenografts model ( Fig. 1d-f ). These data suggested that ectopic expression of LECT2 diminishes tumor growth likely via inhibition of tumor angiogenesis.
Secreted LECT2 protein inhibits the angiogenic effect of HUVECs in vitro.
Next, we performed a tube formation assay with HUVECs to determine whether secreted LECT2 protein may inhibit HCC angiogenesis. We first collected the conditioned medium (CM) from SK-Hep1, HCC36, Huh7, and PLC/PRF/5 cells and subjected the medium to an in vitro tube formation assay with HUVECs. The tube formation ability decreased in high LECT2-expressing CM from Huh7 and PLC/PRF/5 cells but increased in low LECT2-expressing CM from SK-Hep1 and HCC36 cells (Fig. 2a) . In addition, the tube formation ability in the CM from LECT2-knockdown Huh7 cells was greater than that in the control CM (Fig. 2b) . In contrast, the tube formation ability was lower in the CM from LECT2-overexpressing SK-Hep1 and HCC36 cells than that in the control CM (Fig. 2c) .
We further performed an ex vivo chicken embryo CAM assay to validate the antiangiogenic effect of LECT2 (Fig. 2d) . We incubated CAMs from 9-day-old chick embryos with the CM from SK-Hep1 cells with or without LECT2 overexpression. The results indicated that LECT2-expressing CM markedly decreased the capillary bed area of the chorioallantois on each CAM in comparison to the control CM (Fig. 2d) . Next, we used an anti-LECT2 antibody to deplete LECT2 protein in the CM before application to CAMs. The antiangiogenic effects were diminished in LECT2-expressing CM pretreated with the LECT2 antibody but not normal IgG. These results suggest that LECT2 protein acts as an antiangiogenic factor in CM (Fig. 2d). rLECT2 protein inhibits HUVEC migration and tube formation induced by angiogenic factors. To determine whether LECT2 protein interferes with specific angiogenic factors, we first purified rLECT2 protein and performed migration and tube formation assays with HUVECs. The addition of VEGF 165 (50 ng/mL), PDGF (50 ng/mL), bFGF (30 ng/mL), epidermal growth factor (EGF; 50 ng/mL), and hepatocyte growth factor (HGF; 40 ng/mL) to starvation medium significantly induced HUVEC migration and tube formation. In contrast, the addition of rLECT2 (5 nM) to HUVECs treated with angiogenic factors inhibited VEGF 165 -, PDGF-, and bFGF-induced HUVEC migration by 34%, 27%, and 27%, respectively, and HGF-and VEGF 165 -induced tube formation by 30% and 52%, respectively (Fig. 3a,b) . We also used a human phospho-RTK array to detect alterations in phosphorylated RTKs in HUVECs after LECT2-based treatment. We found that VEGFR2 phosphorylation was strongly inhibited by treatment with rLECT2 protein (Supplementary Fig. S1 ). These data suggested that rLECT2 protein inhibits tumor angiogenesis by inhibiting the activity of specific angiogenic factors and receptors, particularly the VEGF 165 /VEGFR2 axis.
Scientific RepoRts | 6:31398 | DOI: 10.1038/srep31398 rLECT2 protein suppresses VEGF 165 -induced angiogenesis in HUVECs. VEGF expression levels are highly correlated with the disease progression and clinical outcome of HCC 21, 22 . Thus, we asked whether LECT2 could inhibit VEGF 165 -induced angiogenic response in HUVECs. To do so, we first investigated the effects of LECT2 treatment on the proliferation, migration, and tube formation of VEGF 165 -treated HUVECs (Fig. 4a-c) . HUVECs were treated with various concentrations of rLECT2 protein with or without VEGF 165 (50 ng/mL) for 24 and 48 h. As expected, VEGF 165 -induced proliferation of HUVECs decreased significantly in the presence of 2.5 nM and 5 nM rLECT2 protein (p < 0.01) (Fig. 4a) , indicating rLECT2 was effective in inhibiting VEGF 165 -induced proliferation of HUVECs. In addition, rLECT2 protein suppressed VEGF 165 -induced HUVEC migration ( Fig. 4b; Supplementary Fig. S2a ) and tube formation ( Fig. 4c; Supplementary Fig. S2b ) in a dose-dependent manner. Next, we examined whether rLECT2 protein inhibits VEGF 165 -induced angiogenesis using an ex vivo CAM assay and in vivo Matrigel plug assay. The results indicated that VEGF 165 increased the capillary bed area of the chorioallantois in the CAMs more so than did the non-treatment control and that rLECT2 protein suppressed the VEGF 165 -induced capillary bed area in a dose-dependent manner ( Fig. 4d; Supplementary Fig. S2c ). Moreover, we implanted Matrigel plugs containing control phosphate-buffered saline (PBS) or VEGF 165 with or without rLECT2 protein into C57BL/6J mice and recovered the plugs 10 days later. Macroscopic analysis demonstrated that the plugs containing VEGF 165 and rLECT2 protein were much paler than those containing only VEGF 165 ( Supplementary Fig. S2d ), indicating the loss of hemoglobin. Similarly, the hemoglobin level was markedly higher in plugs containing VEGF 165 than in those containing PBS only. Hemoglobin induction by VEGF 165 was largely inhibited in plugs containing both VEGF 165 and rLECT2 protein (2.5 nM and 5.0 nM) (Fig. 4e) .
Vascular permeability is a prominent early feature of pathological angiogenesis and highly dependent on VEGF activation. Therefore, we investigated whether rLECT2 protein can target VEGF 165 -induced (a) HUVECs were seeded in a 24-well plate, treated with VEGF 165 (50 ng/mL), PDGF (50 ng/mL), bFGF (50 ng/mL), EGF (50 ng/mL), or HGF (40 ng/mL) alone or combined with rLECT2 protein (5 nM) as indicated for 14 h, and subjected to Migration assay. (b) HUVECs were seeded onto a Matrigel layer in a 24-well plate, treated with different angiogenic factors as indicated for 6 h, and subjected to tube formation assay. The experiments were repeated three times with similar results. Data are presented as the mean ± SD in triplicate. A paired Student t-test was used to evaluate the differences in the migration ratio between groups treated with angiogenic factors alone and in combination with rLECT2 protein. * P < 0.05; * * P < 0.01.
Scientific RepoRts | 6:31398 | DOI: 10.1038/srep31398 vascular permeability. The results demonstrated that rLECT2 protein suppressed vascular permeability in a dose-dependent manner (Supplementary Fig. S3a) . Moreover, treatment with rLECT2 protein blocked permeable The hemoglobin absorbance was measured to determine hemoglobin levels in the plugs. The data are presented as the mean ± SD. Each treatment was performed in triplicate, and the assays were repeated at least three times. * P ＜ 0.05; * * P ＜ 0.01.
Scientific RepoRts | 6:31398 | DOI: 10.1038/srep31398 dye out of the tumor vessels more so than in the VEGF 165 group as demonstrated by the ex vivo Miles assay (Supplementary Fig. S3b ). Taken together, these findings strongly suggested that the rLECT2 protein attenuates VEGF 165 -induced angiogenic effects in vitro, ex vivo, and in vivo.
rLECT2 downregulates VEGF 165 -induced VEGFR2 tyrosine phosphorylation and downstream protein signaling. To delineate the molecular mechanisms underlying rLECT2-inhibited VEGF-induced angiogenesis, we first examined VEGFR2 and its tyrosine kinase phosphorylation status in HUVECs. Consistent with results from our phospho-RTK array screening described above, we found that phosphorylation of VEGFR2 was markedly reduced after rLECT2-based treatment (Fig. 5a ). VEGFR2 undergoes dimerization in cells and subsequently induces the activation of intracellular pathways, including Src, phosphoinositide 3-kinase/AKT, and Raf/mitogen-activated protein kinase kinase/extracellular signal-regulated kinase (ERK) 6, [23] [24] [25] [26] [27] . We found that phosphorylation of ERK and AKT protein induced by VEGF 165 stimulation decreased under rLECT2-based treatment, whereas phosphorylation of p38 was not affected (Fig. 5b) . In comparison, control rFc protein had no effect on VEGF-induced signaling in HUVECs (Fig. 5c) . Because we previously found that LECT2 bound directly to MET and suppress its phosphorylation 17 , we next performed an in vitro binding assay to determine whether LECT2 also inhibits VEGFR2 phosphorylation by binding to VEGFR2. Our data revealed that rLECT2 protein binds directly to the extracellular domain (1-746 amino acids) of recombinant VEGFR2 protein (Fig. 5d) . Co-immunoprecipitation experiments of 293T human embryonic kidney cells co-transfected with LECT2 and VEGFR2 also demonstrated the interaction between LECT2 and VEGFR2 in (Fig. 5e) as well as in HUVECs treated with CM from 293T cells overexpressing LECT2 (Fig. 5f ). These results suggested that LECT2 protein inhibits VEGF 165 -induced VEGFR2 phosphorylation and downstream signaling via direct binding with VEGFR2.
LECT2 expression is negatively correlated with angiogenesis in HCC patients. To determine the clinical significance of LECT2 expression for HCC patients in our study, we used the Gene Expression Omnibus (GSE45436) and The Cancer Genome Atlas databases to analyzed the LECT2 and angiogenesis biomarker gene expression correlation (CD34) in HCC patients (Fig. 6a-e) ; Supplementary Fig. S3 ). As expected, LECT2 gene expression was markedly lower in HCCs than in normal liver tissue samples (Fig. 6a, left) . Consistent with the highly angiogenic nature of HCC, CD34 gene expression was higher in HCCs than in normal tissue (Fig. 6a, right) . We also examined the correlation between LECT2 and CD34 expression in HCC patients. The data demonstrated that LECT2 expression was inversely correlated with CD34 expression (n = 134; P = 0.0008) ( Fig. 6b; Supplementary Fig. S4a ). Of note, samples with high LECT2 expression tended to have low CD34 expression, even in the presence of high VEGF 165 expression ( Fig. 6c; Supplementary Fig. S4b and S4c) . Furthermore, we quantified the microvascular density (MVD) of HCC patient liver tissues by immunohistochemical staining for pan-endothelial cell antigen. LECT2 expression and MVD were inversely correlated (n = 69; P = 0.0108; Fig. 6d,e) . These data indicated that LECT2 expression was inversely associated with HCC angiogenesis.
Discussion
Liver tumors have marked vascular abnormalities, which leads to hypoxia and contributes to tumor progression. During tumor angiogenesis, expression of proangiogenic factors in tumor cells exceeds the release of antiangiogenic molecules. In this study, we found that treatment with LECT2 inhibited tumor growth but not cancer cell proliferation in a xenograft mice model of HCC. Moreover, we showed that LECT2 markedly inhibited VEGF 165 -induced angiogenic activities, including proliferation, migration, tube formation, and vascular permeability, in HUVECs. Importantly, LECT2 inhibition of angiogenesis may result from direct binding of LECT2 to VEGFR and downregulation of VEGFR2-mediated ERK and AKT activation. In HCC patient samples, LECT2 expression was negatively correlated with angiogenesis marker expression.
The VEGF/VEGFR axis is recognized as an important regulator of tumor angiogenesis in HCC 28, 29 . Also, inhibition of angiogenesis is a potential therapeutic for HCC. Previous reports demonstrated that LECT1, also known as chondromodulin-I, is an endogenous angiogenesis inhibitor in cartilage, cardiac valvular, connective tissue, retinal endothelial, and vascular endothelial cells [30] [31] [32] [33] [34] [35] [36] [37] . Miura et al. 30 showed that LECT1 impaired VEGF 165 -stimulated migration of vascular endothelial cells by destabilizing lamellipodial extensions and that LECT1 markedly reduced VEGF 165 -induced Rac1 activity in HUVEC. However, the sequences and structures of LECT1 and LECT2 are not similar 9 . LECT2 is a tumor suppressor in HCCs 16 but it is not yet clear whether LECT2 also regulates the angiogenic activity in specific tissues. Here, we demonstrated for the first time that treatment with rLECT2 protein inhibits angiogenic activities induced by multiple angiogenic factors, particularly VEGF 165 . Two of the major signaling pathways stimulated by VEGF 165 are the Raf-1/mitogen-activated protein kinase kinase/ERK cascade and phosphoinositide 3-kinase/AKT 38 . Our data demonstrated that rLECT2 protein suppressed ERK and AKT activation in HUVEC after VEGFR2 stimulation. Furthermore, our in vitro binding assay and co-immunoprecipitation data demonstrated that LECT2 binds directly to VEGFR2. In addition, ectopic expression of LECT2 in our xenograft model of HCC reduced MVD. In patient samples, expression of LECT2 was negatively correlated with that of angiogenesis markers CD34 and MVD. All of these findings suggest that LECT2 is a novel antiangiogenic factor and suppresses VEGF 165 -induced angiogenesis and tumor growth in HCC patients.
Although a previous study by our group indicated that LECT2 expression suppressed HCC vascular invasion and metastasis by blocking HGF/MET signaling 17 , the role of LECT2 in liver tumor microenvironments is not well understood. Many studies have demonstrated that LECT2 regulates inflammation and immunomodulation. For example, treatment with LECT2 induced macrophage activation in a mouse model of bacterial sepsis 39 . LECT2 also negatively regulates the homeostasis of natural killer T cells in the liver 15 . Recently, Hwang et al. 40 showed that LECT2 induced an atherosclerotic inflammatory reaction via CD209-mediated c-Jun N-terminal kinase phosphorylation in human endothelial cells and that LECT2 induces the expression of proinflammatory cytokines, such as tumor necrosis factor-α , monocyte chemotactic protein 1, and IL-1β . In the present study, we further demonstrated that LECT2 suppressed tumor angiogenesis, inhibiting tumor growth in immunodeficient HCC mouse model. In addition to tumor angiogenesis in HCC, we also found that LECT2 reduced MVD and key events in tumor progression 41 , these studies suggested that LECT2 plays an important role in regulation of homeostasis of the tumor microenvironment.
On the basis of our findings, LECT2 is a potential therapeutic agent for HCC because it inhibits both tumor angiogenesis (anti-VEGFR2) and metastasis (anti-MET). VEGF/VEGFR and HGF/MET are important signaling pathways in promotion of HCC progression. Many inhibitors target these two pathways. Currently, sorafenib is the only US. Food and Drug Administration-approved VEGFR-targeting treatment of unresectable HCC. However, recent studies demonstrated that antiangiogenic treatment may accelerate local invasion and distant metastasis 42, 43 . In addition, MET expression is upregulated in tumor cells after treatment with sorafenib, resulting in hepatocellular tumor metastasis 44, 45 . Our previous study indicated that LECT2 is a MET antagonist that suppresses vascular invasion in HCCs 17 . Our current study further suggested that LECT2 binds to VEGFR2 and inhibit HCC angiogenesis. Therefore, LECT2 could inhibit both tumor growth and metastasis by simultaneously targeting MET and VEGFR2 in HCC patients.
Overall, we revealed a significant correlation between LECT2 expression and tumor angiogenesis in HCC progression. Our findings support the future development of LECT2-based therapies targeting stromal signaling and solid tumor cells that depend on VEGF signaling.
